Developmental axon pruning is essential for wiring the mature nervous system, but its regulation remains poorly understood. Here we show that the endosomal-lysosomal pathway regulates developmental pruning of Drosophila mushroom body g neurons. We demonstrate that the UV radiation resistance-associated gene (UVRAG) functions together with all core components of the phosphatidylinositol 3-kinase class III (PI3K-cIII) complex to promote pruning via the endocytic pathway. By studying several PI(3)P binding proteins, we found that Hrs, a subunit of the ESCRT-0 complex, required for multivesicular body (MVB) maturation, is essential for normal pruning progression. Thus, we hypothesized the existence of an inhibitory signal that needs to be downregulated. Finally, our data suggest that the Hedgehog receptor, Patched, is the source of this inhibitory signal likely functioning in a Smo-independent manner. Taken together, our in vivo study demonstrates that the PI3K-cIII complex is essential for downregulating Patched via the endosomal-lysosomal pathway to execute axon pruning.
INTRODUCTION
Neuronal remodeling is an essential step of nervous system development in both vertebrates and invertebrates (Low and Cheng, 2006; Luo and O'Leary, 2005) . One mechanism used to remodel neuronal circuits is by the elimination of long stretches of axons in a process known as axon pruning. With a few exceptions, the current dogma is that axon pruning of long stretches of axons occurs via local axon degeneration while axon pruning of short stretches occurs via retraction (Portera-Cailliau et al., 2005; Watts et al., 2003) . While in some cases remodeling is directly affected by experience or neural activity, in cases of stereotypical pruning the identity of the axon that is destined to be pruned does not depend on experience or neural activity (Luo and O'Leary, 2005) . Because of mechanistic similarities to Wallerian degeneration and dying back neurodegenerative diseases, understanding the molecular mechanisms of axon pruning should result in a broader insight into axon fragmentation and elimination during development and in disease.
The neuronal remodeling of the Drosophila mushroom body (MB) during development is a unique model system to study the molecular aspects of axon pruning. The stereotypic temporal and spatial occurrence of MB axon pruning ( Figure 1A ) combined with mosaic analyses provide a platform to perform genetic screens and molecular dissections of these processes in unprecedented resolution (Lee et al., 1999) . The MB is comprised of three types of neurons that are sequentially born from four identical neuroblasts per hemisphere. Out of the three MB neuronal types, only the g neurons undergo axon pruning, indicating that the process is cell-type specific. During the larval stage, g neurons project a bifurcated axon to the dorsal and medial lobes ( Figure 1A ). At the onset of metamorphosis, the dendrites of the g neurons as well as specific parts of the axons are eliminated by localized fragmentation in a process that peaks at about 18 hr after puparium formation (APF; Figure 1A ). Subsequently, g neurons undergo developmental axon regrowth, which is distinct from initial axon outgrowth, to occupy the adult specific lobe ( Figure 1A ; Lee et al., 1999; Yaniv et al., 2012) .
Axon pruning of MB g neurons depends on the cell-autonomous expression of the nuclear steroid hormone receptor, ecdysone receptor B1 (EcR-B1; Lee et al., 2000) . The expression of EcR-B1 is regulated by at least three distinct pathways: the cohesin complex (Schuldiner et al., 2008) , the TGF-b pathway (Yu et al., 2013; Zheng et al., 2003) , and a network of nuclear receptors comprised of ftz-f1 and Hr39 (Boulanger et al., 2011) . While expression of EcR-B1 is required for pruning, it is not sufficient to drive ectopic pruning either in g neurons or in other MB neurons that do not undergo remodeling (Lee et al., 2000; O.S., unpublished data) . This raises two possible nonmutually exclusive scenarios: (1) additional molecules are required to initiate pruning and (2) an inhibitory signal needs to be attenuated in the MB for pruning to occur. Additionally, the ubiquitin pathway is also cell-autonomously required in g neurons for pruning (Watts et al., 2003) , but the target that must be ubiquitinated remains unknown. Thus, while our understanding of the cellular sequence of events culminating in the elimination of specific axonal branches is quite detailed, our understanding of the molecular mechanisms remains incomplete.
In a forward genetic screen, we identified a cell-autonomous role for the UV radiation resistance-associated gene (UVRAG) in MB g neuron pruning. UVRAG was originally identified based on its ability to confer UV resistance to nucleotide excision repair deficient cells (Perelman et al., 1997) . It was later shown to During the larval stage (L3), g axons bifurcate to form dorsal and medial branches. Both axonal branches, as well as dendrites, are pruned by 18 hr after puparium formation (APF). Subsequently, g neurons extend axons only medially to the adult specific lobe.
(legend continued on next page)
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Endolysosomal Pathway Is Required for Axon Pruning function as a tumor suppressor gene deleted in various types of cancers including colon and gastric carcinomas (Ionov et al., 2004; Kim et al., 2008) . UVRAG interacts with Atg6 (also known as Beclin1), another tumor suppressor gene, and together they promote autophagy in vitro (Liang et al., 2006) . Their tumor suppression capabilities were first attributed to their autophagy-promoting function. However, a mutant form of UVRAG isolated from colon carcinomas promoted autophagy normally in cell culture (Knaevelsrud et al., 2010) . Both UVRAG and Atg6 are subunits in the phosphatidylinositol 3-kinase class III (PI3K-cIII) complex, involved in autophagy and endocytosis. Recent studies have found that UVRAG mediates endocytosis in an Atg6-dependent manner suggesting that as part of the PI3K-cIII complex, both proteins regulate various aspects of vesicle trafficking (Itakura and Mizushima, 2009; Thoresen et al., 2010) . Two studies have recently identified new and seemingly unrelated functions for UVRAG in regulating DNA repair in response to UV-induced damage (Zhao et al., 2012) and ER to Golgi trafficking (He et al., 2014) . Finally, an in vivo study has shown that UVRAG affects organ rotation in Drosophila by regulating Notch endocytosis in what seemed to be an Atg6-independent manner . A unifying understanding of the various aspects of UVRAG physiological function in vivo is still lacking. Likewise, although the PI3K-cIII complex has been extensively studied and implicated in autophagy, cytokinesis and endocytosis (Juhá sz et al., 2008; Thoresen et al., 2010) , its physiological roles during the normal course of development are not known.
Here we report that UVRAG and the PI3K-cIII complex mediate the endosome-lysosome degradation of Ptc to promote axon pruning. Furthermore, our results suggest that Ptc represses pruning via a Smo-and Hh-independent manner. Our study provides evidence for the existence of a pruning inhibitory pathway originating at the membrane of MB neurons.
RESULTS

UVRAG Is Required for Developmental Axon Pruning
To identify molecular players that are important for developmental axon pruning of mushroom body (MB) g neurons, we performed a large-scale forward genetic mosaic screen based on insertional mutagenesis (Schuldiner et al., 2008) . By using Mosaic Analysis with a Repressible Cell Marker (MARCM) to create positively labeled clones that are also homozygous mutant for various transposon (piggyBac) insertions, we identified line LL03097 ( Figure 1K ) as exhibiting a moderate but robust axon and dendrite pruning defect. This defect was evident at 18 hr after puparium formation (APF; compare Figure 1F to Figure 1C) and persists to the adult stage (compare Figure 1G to Figure 1D ). The fact that piggyBac LL03097 MARCM clones exhibit wild-type (WT) morphology at the late-larvae stage (compare Figure 1E to Figure 1B) suggests that the mutation does not affect axon guidance or cell identity but rather is specific to axon pruning. The LL03097 insertion is located within the first coding exon of CG6116 ( Figure 1K ), which was recently suggested to encode the Drosophila UVRAG , hereafter termed UVRAG LL03097 . To confirm that the piggyBac insertion was causal in generating the phenotype, we induced precise excision of the transposable element, which indeed reversed the phenotype back to WT (compare Figure 1H to Figures 1G and 1D) . We also obtained another mutant allele of UVRAG (B21; , comprising a partial gene deletion (see Figure 1K ) and confirmed that UVRAG B21 MARCM clones indeed exhibit a similar pruning defect ( Figure 1J ). Finally, to unequivocally prove that loss of UVRAG activity is the cause for the pruning defect, we performed a rescue experiment. Expressing a UVRAG FLAG-tagged transgene within UVRAG LL03097 MARCM clones (Figures S1A and S1B available online) completely reverted the axon pruning defect ( Figure 1I ), proving that UVRAG is indeed required for axon pruning. Because the driver we used to express the UVRAG transgene (201Y-GAL4) is expressed only in postmitotic neurons (Schuldiner et al., 2008) , these data suggest that UVRAG is required in postmitotic MB g neurons in a cell-autonomous fashion.
The PI3K-CIII Is Required for Axon Pruning Mammalian UVRAG was suggested to interact with at least three proteins via distinct domains: Bif-1 (also known as endophilin-1 and EndoB in Drosophila), Vps16, and Atg6 (also known as Beclin-1; Peplowska et al., 2008) . To understand how UVRAG affects MB neuronal remodeling, we set out to test the role of each of these proteins during pruning. EndoB contains a Bar domain that enables it to bind curved membranes and was implicated in synaptic vesicle endocytosis as well as autophagosome formation (Guichet et al., 2002) . MB g neuron MARCM clones homozygous mutant for EndoB EY00696 appear mostly normal-in some clones, a single unpruned axon was observed, but the phenotype was not nearly as severe as in UVRAG LL03097 ( Figure S2A ). Vps16 is part of the class C-Vps complex that is required for multivesicular body (MVB) to lysosome fusion. MARCM clone (I) . Scale bar, 20 mm.
(K) Schematics of UVRAG gene structure indicating the various mutants used in our study (gray bars depict untranslated exons, and black bars depict translated exons and lines depict introns). , exhibited a pruning defect that was similar in severity to that of UVRAG LL03097 ( Figure 2B , compare to Figure 2A ). We therefore set out to investigate whether other subunits of the PI3K-cIII complex also affect axon pruning. Indeed, MARCM clones homozygous mutant for the catalytic subunit, vps34
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( Figure 2C ), or the regulatory subunit vps15 5 ( Figure 2D ) exhibited a pruning defect that was comparable with that of UVRAG LL03097 and Atg6 1 (Figures 2A and 2B ). These data indicate that the PI3K-cIII complex as a whole is required for axon pruning.
The catalytic subunit of PI3K-cIII, Vps34, phosphorylates phosphatidylinositol to form phosphatidylinositol (3)-phosphate (PtdIns(3)P, also known as PI(3)P). This modification usually occurs in the early endosome or autophagosome, where PI(3)P recruits a wide variety of proteins, including those with a FYVE (Fab1, YotB, Vac1, and EEA1) or PX (also known as Phox, phagocytic oxidase) domain (Kutateladze, 2010) . However, it was not clear whether UVRAG is essential for PI(3)P formation in vivo. We therefore utilized the well-established PI(3)P reporter, GFP-2XFYVE (Gillooly et al., 2000) , to determine PI(3)P distribution in WT and UVRAG mutant neurons. In WT animals, transgenic GFP-2XFYVE produced puncta in MB axons and cell bodies throughout development ( Figure 3A ; Figures S3A-S3F ), indicating that PI(3)P containing membranes were abundant. In contrast, GFP-2XFYVE puncta were absent in UVRAG LL03097 MB neurons ( Figure 3B ), as were MB neurons that were mutant in other subunits of the PI3K-cIII complex-Atg6 1 and Vps15
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( Figures S3G-S3I ). Taken together, our data indicate that UVRAG is required for the formation of PI(3)P aggregates that are sufficient to recruit GFP-2XFYVE in a similar manner to other subunits of the PI3K-cIII complex.
Endocytosis, But Not Autophagy, Is Required for Axon Pruning The PI3K-cIII complex was previously implicated in both autophagy and endocytosis (Juhá sz et al., 2008; Thoresen et al., 2010) , but its physiological role during normal development is still not well understood. We therefore set out to investigate which of these two roles underlies the required function for developmental axon pruning. To investigate the role of autophagy, we took two different approaches. First, we expressed the autophagy reporter Atg8a-GFP (Juhá sz et al., 2008) in MB g neurons and tracked its expression during development. We did not observe pre-autophagosomal structures, which would appear as puncta and would be expected if autophagy was taking place within MB neurons throughout development ( Figures  4A-4C ). Specifically, puncta were not apparent at 6 hr APF, when axon pruning is initiated ( Figure 4B ), or at 18 hr APF at the completion of axon pruning ( Figure 4C ), arguing against a key role for autophagy in pruning. Second, in a loss-of-function strategy, we created MARCM clones homozygous mutant for Atg1, a key kinase that initiates the autophagy program, and examined MB pruning in a viable transheterozygous combination of Atg7, a key autophagic protein that is required for autophagosome formation. We found that MB g neurons mutant for Atg1 D3D underwent normal axon pruning ( Figure 4E , compare with Figure 4D ) and Atg7 d77/d14 exhibited a very mild pruning defect ( Figure 4F , compare with Figure 4G ). These results taken together with previous ultrastructure analyses of MB neurons undergoing remodeling (Watts et al., 2004) suggest that developmental axon pruning does not depend on autophagy within MB neurons, but it does not completely rule out a minor role for autophagosomes in the process. ) at the permissive (n = 19) (H) and restrictive (n = 8) (I) temperatures. While MB neurons expressing Shi ts1-pJFRC99 prune normally at the permissive temperature (H), pruning is inhibited at the restrictive temperature (arrows in I). Scale bar, 20 mm.
To investigate the role of endocytosis in pruning, we used the temperaturesensitive allele of the Drosophila dynamin, Shi ts1 ), a GTPase required for the vesicle budding during endocytosis. We found that MB g neurons expressing Shi ts1-pJFRC99 exhibited a pruning defect at the restrictive temperature ( Figure 4I ), but not at the permissive temperature ( Figure 4H ). Of note, expressing the original Shi ts1-Kitamoto transgene ) within g neurons using the same driver (201Y-GAL4) did not inhibit pruning ( Figure S4A ; Watts et al., 2003) , consistent with previous findings that Shi ts1-pJFRC99 is expressed more efficiently . Taken together, our results suggest that while endocytosis is required for normal axon pruning during development, autophagy is not.
Endosome Maturation Is Critical for Pruning
The role of the PI3K-cIII complex in the formation of PI(3)P led us to hypothesize that the pruning defect might result from the absence of important FYVE or Phox (PX) domain containing protein(s) from the early endosome. We therefore decided to examine three known PI(3)P interacting proteins affecting endosome signaling, recycling and maturation. First we analyzed the requirement of the SMAD anchor for receptor activation (Sara), a protein present in the early endosome and previously suggested to be necessary for TGF-b signaling (Tsukazaki et al., 1998) . Sara was an attractive candidate as it is well established that TGF-b signaling is required for pruning by activating the expression of the 
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Ecdysone steroid hormone receptor-B1 (EcR-B1) within g neurons (Yu et al., 2013; Zheng et al., 2003) . Contrary to our expectations, MB g neuron MARCM clones homozygous mutant for the strong loss-of-function allele sara 12 pruned normally (Figure 5B) and expressed normal levels of EcR-B1 at 0 hr APF, the time point when its expression is highest ( Figures 5C and  5C 0 ). This indicates that Sara is not required for pruning and suggests that Sara is not essential for TGF-b signaling in MB neurons in vivo, as previously suggested in other systems in vitro (Itoh et al., 2002; Tsukazaki et al., 1998 ).
Next, we tested the role of the Sorting nexin (Snx)-16, which contains a PX domain, required for endosomal content recycling . We found that MB g neuron MARCM clones homozygous for Snx16 D1 or Snx16 D2 pruned normally ( Figures   5D and S5A, respectively), suggesting that endosome recycling was not required for pruning. This was further supported by the fact that MB g neuron MARCM clones homozygous mutant for Rab11 DFRT , a key GTPase regulating endosome recycling, pruned normally ( Figure 5E ). Finally, we examined the role of the FYVE domain containing protein Hrs, one of the two proteins comprising the ESCRT-0 complex required for endosome to multivesicular-body (MVB) formation en route to lysosomal degradation. Unfortunately, the Hrs mutant that is currently available is not a null and is predicted to maintain its FYVE domain, hence it was no surprise that MB g neuron MARCM clones of this mutant (Hrs D28 ) prune normally ( Figure 5F ). However, to truly assess whether ESCRT-0 complex formation is essential for pruning, we examined the double mutant of both ESCRT-0 proteins Hrs D28 and stam 2896 , which indeed displayed a pruning defect that was comparable to all other mutants in the PI3K-cIII complex ( Figure 5H ). MB g neuron MARCM clone homozygous for Stam 2896 pruned normally ( Figure 5G ).
ESCRT-0 is a protein complex required for the cargo recruitment and concentration of mono-ubiquitinated transmembrane proteins from the early endosome into the MVB containing endosome. Thus, in ESCRT-0 mutants, transmembrane proteins are expected to remain within the early endosome in a topology that allows them to continue to signal. To further explore the role of MVB maturation, we tested whether blocking MVB formation at later stages also affected pruning. We thus examined the role of the ESCRT-III component Vps32 (also known as snf-7 or Shrub in Drosophila), required for membrane scission at the last step of MVB formation. Overexpressing a dominant-negative version of Shrub (shrub DN ), in MB neurons, indeed resulted in a pruning defect ( Figure 5I ), further indicating that MVB formation is critical for pruning progression. Our results thus posit the existence of a membrane protein that needs to be inactivated by translocation into the MVB for normal pruning progression.
Downregulation of Patched Is Required for Normal Progression of Axon Pruning
In an attempt to identify the inhibitory transmembrane receptor that is normally downregulated by the endocytic machinery, we then raised the following prediction: mutating this putative inhibitory transmembrane protein should suppress the pruning defect of cells that are already mutant for PI3K-cIII components. Therefore, we set out to perform a miniscreen of candidates by creating MARCM clones that are doubly mutant for PI3K-cIII components (either UVRAG or Atg6) and several candidates. For this miniscreen, we focused on proteins that are either known to be downregulated by the endocytic machinery or proteins that are known or predicted to play a role in pruning.
To this end, we focused on Notch, its ligands Delta and Ser, FasII, TepII, Stat92E ( Figures S6A-S6E) , and the Hedgehog receptor Patched (Ptc) ( Figure 6D Figure 6D to Figures 6A-6C , quantified in Figure 6E ). However, the few unpruned axons in the ptc 16 Atg6 1 double mutant MARCM clones also seemed fainter. We therefore opted to examine whether the suppression of the phenotype was due to reduced number of unpruned axons or due to their fainter GFP expression. While analyzing overexposed images, we noticed that both genotypes contain faint axons. Moreover, quantifying these overexposed images was even more dramatic in concluding that the pruning defect is truly suppressed in the double mutant (see Figures  S6F and S6G, quantified in Figure S6H ). To further investigate the role of Ptc in axon pruning, we decided to confirm that ptc is expressed in MB neurons. The enhancer trap ptc-Gal4 is considered a good reporter of ptc expression. Indeed, we found that ptc-Gal4 is expressed in MB neurons at 6 hr APF, a time in which axon pruning is initiated ( Figures 6F and 6G ). When we probed for Ptc protein by antibody staining, however, we could not observe specific staining at 6 hr APF within MBs (data not shown). This result suggests that Ptc protein levels are tightly regulated on a posttranslational level.
The data we have presented so far are consistent with Ptc generating a signal that inhibits pruning. To analyze this further, we decided to determine whether overexpression of ptc in MB neurons could induce a pruning defect. When we overexpressed ptc in MB g neurons (using the 201Y-Gal4) in whole MBs, we observed a weak pruning defect in about 13% (4/29; see example in Figure 6I , compare to Figure 6H ) of the brains. Possible interpretations for this partially penetrant and weak phenotype are that Ptc does not strongly affect pruning; that our overexpression was not strong enough; or that the endocytic 
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Endolysosomal Pathway Is Required for Axon Pruning machinery efficiently downregulates transgenic Ptc protein expression. To better characterize the effect of overexpressing Ptc, we drove its expression in MB g neurons using two additional Gal4 drivers that we obtained from the new Flylight Gal4 collection. To this end, overexpressing ptc using GMR71G10-and GMR16A06-Gal4s resulted in a moderate pruning defect in 72% (13/18; see example in Figure 6K , compare to Figure 6J ) and 68% (25/37) of the brains, respectively. Furthermore, we drove expression of ptc within UVRAG LL03097 MARCM clones using 201Y-Gal4 or GMR71G10-Gal4. Indeed, UVRAG
LL03097
MARCM clones additionally expressing transgenic Ptc exhibited a much more severe pruning defect than UVRAG LL03097 alone, with almost no g neurons projecting to the adult specific lobe (compare Figure 6O to Figures 6L-6N , quantified in Figure 6P , and compare Figure S6J to Figure S6I , quantified in Figure S6K ). Taken together our results suggest that downregulation of Ptc is at least one important component of the effect of the PI3K-cIII complex on axon pruning.
Ptc Regulates Pruning in a Smo-Independent and Likely Also Hh-Independent Manner
Our results up until now are consistent with Ptc signaling inhibiting axon pruning. Overexpression of Ptc results in a pruning defect; therefore, if Ptc functions in its canonical pathway, this would imply that constant inhibition of Smoothened (Smo) should also result in a pruning defect. To test this, we generated MB g neuron smo 3 MARCM clones that, to our surprise, pruned normally ( Figure 7A ). To further test the role of Smo, we also expressed a dominant-negative version of Smo (smo-DN) within MB neurons, which similarly resulted in neurons that pruned normally ( Figure 7B , quantified in Figure 7F ). As a reciprocal experiment, we drove the expression of constitutively active Smo (smo CA ) within UVRAG LL03097 MARCM clones ( Figure 7D , compare with Figure 7C ). Consistent with our Smo LOF experiments, we found that overexpression of Smo CA does not supress the pruning defect of UVRAG LL03097 mutant axons (quantified in Figure 7E ). Therefore, our results suggest that in the context of MB pruning, Ptc functions in a Smo-independent manner. To further analyze the apparent Smo-independent function of Ptc, we decided to assess which of its domains are required for its pruning-inhibitory function. We found that overexpression of UAS-ptc S2 , encoding Ptc that harbors a mutation in the sterolsensing domain, by the GMR16A06-or GMR71G10-Gal4s results in a pruning defect, while in contrast, overexpression of ptc Dloop2 does not ( Figure 7F ; see examples of images in different bins in Figures S7A-S7D and quantification of the GMR71G10 experiment in Figure S7E ). Interestingly, ptc S2 was previously characterized as a mutant that cannot repress Smo but still binds the ligand to a similar extent as WT Ptc (Chen and Struhl, 1996) . ptc Dloop2 , in contrast, was shown to repress Smo but not bind the ligand (Briscoe et al., 2001) . Taken together, these results support our previous observation that the inhibition of Smo by Ptc is not necessary in this context. We next wanted to determine whether Hedgehog (Hh) was required for pruning. We first determined whether Hh was expressed in the vicinity of the MB. We used hh-lacZ in combination with ptc-Gal4 as a method commonly used to follow hh and ptc expression. While in some regions, such as the eye, we could see the typical adjacent but nonoverlapping expression of hh-lac and ptc-Gal4 ( Figure S7G ), in the vicinity of the MB we observed ptc-Gal4, but not hh-lacZ, expression (Figure S7F) . We nevertheless decided to test the role of Hh in axon pruning. To this end, we knocked down hh levels by expressing RNAi in glia ( Figure S7H ), postmitotic neurons (Figure S7I) , and MB neurons ( Figure S7J ) and observed normally pruned MB axons in all cases. Finally, we tested a transheterozygous hh combination that can be induced by temperature and is viable at least until midpupa. hh AC /hh ts2 brains that were transferred into the restrictive temperature at the onset of puparium formation, seem indistinguishable from controls at 29 hr APF ( Figure 7H , compare with Figure 7G ). Note that at this developmental time point, all axons are fragmented but clearance is not yet complete, consistent with previous knowledge about axon clearance dynamics. Taken together, our data suggest that Ptc signaling inhibits pruning in a smo-independent and likely also hh-independent pathway.
DISCUSSION
In this study, we show that the endosomal-lysosomal pathway is cell-autonomously required for developmental axon pruning of mushroom body (MB) g neurons. Genetic loss-of-function experiments indicate that UVRAG, a tumor suppressor gene previously linked to both endocytosis and autophagy, promotes pruning as part of the phosphatidylinositol 3-kinase class III (PI3K-cIII) complex and that UVRAG is required in MB neurons for the formation of phosphatidylinositol (3)-phosphate (PI(3)P). We found that the ESCRT-0 complex, which is recruited to the PI(3)P moiety on endosomal membranes, is required for pruning, indicating that endosome to multivesicular body maturation is critical for the normal progression of axon pruning and suggesting that it involves receptor downregulation. Genetic loss-of-function and gain-of-function experiments suggest that downregulation of the Hedgehog receptor Patched (Ptc) by the endocytic machinery is instrumental in promoting pruning. Finally, our results suggest that Ptc inhibits pruning in a smo-independent and likely also hh-independent manner. In a recent study, UVRAG was suggested to be required for Notch endocytosis during organ rotation in Drosophila in an Atg6-independent manner . While in our study we show that Atg6 is required for pruning, these seemingly contradicting results can be easily explained by specific allele differences. The Atg6 00096 allele, used in the previous study, is a P element insertion about 100 bp upstream of the Atg6 gene that does not necessarily create a null allele. Indeed, we could also not see any effect of this allele on axon pruning ( Figure S2D ). In this study we used an Atg6 1 null allele created by homologous recombination resulting in a strong effect on pruning. Furthermore, our data clearly show that the entire PI3K-cIII complex is required for axon pruning. The PI3K-cIII complex has been implicated in a wide variety of membrane trafficking processes ranging from autophagy to endocytosis to cytokinesis (Thoresen et al., 2010) . How the PI3K-cIII is regulated to participate in these different processes and its physiological roles in vivo are not well understood. While its role in promoting autophagy is supported by several studies (Burman and Ktistakis, 2010; Jaber et al., 2012) , deleting the catalytic unit, Vps34, in sensory neurons does not affect autophagy, but rather endocytosis (Zhou et al., 2010) . Whether this is a common feature of PI3K-cIII function in neurons remains to be further elucidated. One attractive hypothesis is that the PI3K-cIII 
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Endolysosomal Pathway Is Required for Axon Pruning function is determined by its complex composition. Indeed, it appears that in vitro, UVRAG and Atg14 are mutually exclusive subunits defining two distinct populations of the PI3K-cIII complex (Funderburk et al., 2010; Itakura and Mizushima, 2009 ). Our study is consistent with these findings, suggesting that UVRAG may define an endocytosis-specific PI3K-cIII complex at least in neurons. The full spectrum of the various PI3K-cIII complexes physiological roles in vivo remains to be further studied. The PI3K-cIII complex phosphorylates PI to form PI(3)P on endosomal membranes. Indeed, we found that UVRAG is essential for efficient PI(3)P formation and that PI(3)P is abundant throughout development. We thus hypothesized that a PI(3)P binding protein mediates the effect of UVRAG and the PI3K-cIII complex on axon pruning. Here we identify Hrs, a subunit of the ESCRT-0 complex and a PI(3)P binding protein, as required for axon pruning. The role of ESCRT-0 in MVB maturation led us to posit that the endolysosomal pathway is required to downregulate a signal that originates at the plasma membrane. While signaling can still occur in the early endosome, it is terminated at the MVB.
What is the identity of this transmembrane protein? Using genetic loss-of-function and gain-of-function experiments, we suggest that Patched (Ptc) is at least one of the transmembrane proteins that is responsible for mediating the PI3K-cIII pruning defect. Strikingly, mutating ptc on the background of Atg6 mutant significantly suppressed its pruning defect. Furthermore, overexpression of Ptc in WT brains resulted in a weak to mild pruning defect, depending on the Gal4 driver. Finally, overexpressing Ptc on the background of an endosomal defect significantly exacerbated the pruning defect. Together, these data suggest that Ptc mediates an inhibitory signal that needs to be attenuated for the normal progression of pruning. Interestingly, Ptc inactivation by endocytosis followed by lysosomal degradation was proposed before as a mechanism to activate the Hh pathway (Incardona et al., 2002) . What is the nature of this signal? Ptc is known to be the Hedgehog (Hh) receptor. Binding of Hh to Ptc relieves the Ptc-induced suppression of another transmembrane protein, Smoothened (Smo). Once derepressed, Smo initiates the intracellular Hh signal that culminates in the expression of specific nuclear transcription factors (Briscoe and Thé rond, 2013; Robbins et al., 2012) . We therefore tested the role of Smo and Hh in developmental axon pruning and, to our surprise, demonstrated that both molecules seem to be irrelevant for pruning. Overexpressing Ptc mutant transgenes within MB neurons to identify the domains that are important for pruning inhibitions confirmed that Smo inhibition was not required to inhibit pruning. In contrast, our results suggest that the ligand binding domain is important. Because our results suggest that Hh is not required for pruning inhibition, it will be interesting to investigate in the future what other ligands might bind to Ptc. In this regard it is interesting to mention that a recent study has shown that Ptc is a lipoprotein receptor (Callejo et al., 2008 ). The precise mechanism of Ptc action in MB neurons remains to be further elucidated in future studies.
In this study, we uncovered a role for the endocytic machinery in downregulating an inhibitory signal that is dependent on Ptc during MB axon pruning. A recently published study by Zhang et al. (2014) has shown that the Rab5/ESCRT endocytic pathways are required to downregulate neuroglian (Nrg) to promote dendrite pruning of sensory neurons in Drosophila . Both studies highlight that a combination of both promoting and inhibitory signals during developmental pruning is likely important to provide fail-safe mechanisms to regulate the process in a temporal, spatial, and cell-type specific resolution.
EXPERIMENTAL PROCEDURES
Construction of UAS Transgenes and Transgenic Flies
The full-length UVRAG cDNA was amplified using the primers 5 0 -ATGAATC TACGGCCGCGATGCC-3 0 ATGAATCTACGGCCGCGATGCC and cloned into the Gateway destination vector pTWF-attB (Yaniv et al., 2012) . The transgene was injected into 86Fb landing site (BestGene).
Drosophila Strains UVRAG LL03097 mutant generation was previously described (Schuldiner et al., 2008 
Drosophila Genotypes
Genotype abbreviations: hsflp is y,w,hsFlp122; CD8::GFP is UASmCD8::GFP; 40A, G13, 42D, 2A, and 82B are FRTs on 2L, 2R, 2R, 3L, and 3R, respectively; 201Y is 201Y-Gal4; and Gal80 is TubP-Gal80. Males and females were used interchangeably, but only the female genotype is mentioned. C at 20-28 hr after egg laying and examined at later stages as described previously (Lee et al., 1999) . Brains were mounted on Slowfade (Invitrogen) and imaged on a Zeiss LSM710 confocal microscope.
Antibody Staining Conditions
Antibody staining conditions were as follows: mouse monoclonal anti-FasII (ID4) (1:50); mouse monoclonal anti EcR-B1 (AD4.4) (1:25; all from Developmental Studies Hybridoma Bank); rat monoclonal anti-mouse CD8a (1:100; Invitrogen); and chicken polyclonal anti GFP (1:1000; Aves). FITC (ENCO), Alexa488, or Alexa647 (Invitrogen) conjugated secondary antibodies were used at 1:300.
Ranking and Statistical Analyses
Ranking were performed by one (Figure 7 ) or three ( Figure 6 ) independent scorers in a double-blind manner with similar significance scores. The results of one person are shown for simplicity. In Figures 6E, 6P , and 7E, the ranking was performed on maximum z projections, while in Figure 7F the ranking was performed by reviewing the raw z stacks. Statistical significance was calculated by performing a Wilcoxon two-sample test ( Figures 6E, 6P , and 7E) or Kruskal-Wallis analysis ( Figure 7F ). Figure   6C and 6D.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental
(H) Quantification of pruning defects of the phenotypes in overexposed images as in G and F. Z-projections from the two genotypes were blindly ranked for the severity of the pruning defect. Wilcoxon two sample test was performed to determine significance: ***, p<0.001.
(I-J) Confocal Z-projections of UVRAG LL03097 MB neuroblast MARCM clones (I) or UVRAG LL03097 also additionally expressing Ptc (J) . MARCM clones are labeled with GMR71G10-Gal4.
Scale bar is 20µm
(K) Quantification of pruning defects of the phenotypes in I and J. Z-projections from the two genotypes were blindly ranked for the severity of the pruning defect. Wilcoxon two sample test was performed to determine significance: ***, p<0.001. 
